Birth weight in human subjects is inversely associated with blood pressure in adult life (Law & Shiell, 1996) . Studies of fetal growth restriction in animal models have also shown this relationship. In rats, blood pressure has been found to be elevated in growth-restricted offspring as a result of both maternal nutritional insults Crowe et al. 1995; Woodall et al. 1996; Lewis et al. 2001b ) and pharmacological insults (Benediktsson et al. 1993; Lindsay et al. 1996; Langley-Evans, 1997) . These studies provide models in which to investigate the mechanisms underlying this phenomenon. To date, the majority of animal studies have investigated the effects of early growth restriction in younger adult offspring.
The molecular mechanisms underlying programming are not well understood. One of the main theories involves effects on the fetal hypothalamic -pituitary-adrenal axis. Fetal steroid exposure has been shown to cause elevated blood pressure in the offspring, and offspring of proteinrestricted rats have been shown to have altered expression of components of the hypothalamic -pituitary-adrenal axis (Benediktsson et al. 1993; Bertram et al. 2001) . Another possible mechanism for the initiation of hypertension following intra-uterine stress is that there are structural abnormalities in the kidneys of the growth-restricted offspring (Marchand & Langley-Evans, 2001 ). There is also evidence in the offspring of protein-restricted rats that the renin -angiotensin system is involved in the pathogenesis of the high blood pressure seen in that model (LangleyEvans et al. 1999a) .
We have previously reported elevated blood pressure in the 3-month-old offspring of Fe-restricted dams (Lewis et al. 2001b) . These animals were also found to have decreased serum triacylglycerol, improved glucose tolerance, were growth restricted at birth and remained smaller to 3 months of age. Elevated blood pressure has also been reported in the offspring of Fe-restricted dams at 40 d of age (Crowe et al. 1995) . These findings are similar to those observed in the maternal low-protein model in which blood pressure is elevated , triacylglycerol decreased and glucose tolerance improved in younger animals (Shepherd et al. 1997) . This suggests that common underlying mechanisms may initiate the long-term effects of maternal environment on the offspring.
In the offspring of protein-restricted dams, changes in the activity of the renin -angiotensin system are thought to be involved in the development of high blood pressure. Evidence for this includes increased levels of pulmonary and serum angiotensin converting enzyme (ACE) in the offspring of protein-restricted dams (Langley-Evans & Jackson, 1995; and the fact that postnatal treatment with ACE inhibitors prevents the development of high blood pressure in these animals (Sherman & Langley-Evans, 1998; Vehaskari et al. 2001) . If, as we have suggested, there are similarities between these models, then components of the reninangiotensin system may also mediate the elevated blood pressure in the maternal Fe restriction model.
The pulmonary vasculature is the major site of ACE activity and the systemic conversion of angiotensin I to angiotensin II. However, ACE is also important in a variety of other tissues for the regulation of local renin -angiotensin systems, which independently regulate blood flow through specific tissues. While pulmonary ACE plays the major role in the regulation of blood pressure, local tissue renin -angiotensin systems will also contribute vascular resistance and blood pressure. Serum ACE concentration is derived from proteolytic cleavage of endothelial ACE (Santhamma & Sen, 2000) . Although serum ACE is unlikely to have a major physiological effect on blood pressure serum levels may reflect overall levels of tissue ACE in the whole animal.
The aim of the present study was to investigate whether effects of maternal Fe deficiency on blood pressure, glucose tolerance and plasma lipids seen in these offspring at 3 months of age are present in the same animals later in life. Pulmonary and serum ACE concentration was measured to investigate whether there were changes in ACE concentration that might underlie the observed differences in blood pressure between the groups.
Methods

Animals
All animal procedures were performed, under licence, in accordance with the UK Animals (Scientific Procedures) Act (1986 Prior to the present study, rats were fed LAD 1 diet. One week prior to mating, dams were placed onto either the control diet or the Fe-restricted diet. After 7 d on the diet, dams were mated; those that did not mate within 4 d were excluded from the present study. Dams were maintained on the control or Fe-restricted diet throughout gestation. On the day of birth, dams on the Fe-restricted diet were transferred to the control diet. To standardise conditions, litters were culled to eight on postnatal day 3. At 21 d of age, two male and two female offspring from each litter were weaned onto LAD 1. Of the eleven control litters and ten Fe-restricted litters started on the diets, eight control litters and six Fe-restricted litters were bred successfully. Unfortunately, in one of the Fe-restricted litters four females were kept rather than two males and two females. As the studies reported in the present paper concern the older offspring, there were a number of deaths before the experiments were conducted. These deaths were not clustered in offspring from any particular litter and although in two litters two of the four rats did die, in each case a male and a female remained alive. As such, at least one of the original two males and females from each of the original litters was included in the analysis of blood pressure, glucose tolerance and serum lipids. By the time post mortems were carried out on remaining animals at 18 months of age, each group contained male and female representatives from at least five different litters.
As described previously, there was reduced maternal weight gain in the Fe-restricted dams (maternal weight on day 22 of gestation control 437 (SD 26) v. Fe-restricted 385 (SD 12) g and reduced maternal food intake during gestation (87 (SD 4) v. 70 (SD 3) g/d respectively) (Lewis et al. 2001b) . Both the Fe-restricted dams and their offspring were anaemic compared with the controls (Lewis et al. 2001b) . Litter size was not significantly different between the groups (15·1 (SD 2·4) v. 13·5 (SD 1·1)).
Glucose tolerance tests
Glucose tolerance was measured and blood collected for serum lipid and insulin analysis in the control males and females at 402 (SD 2) d (14 months) and in the maternal Fe-restricted males and females at 401 (SD 2) d (14 months) of age. Glucose tolerance tests were performed on conscious rats after an overnight fast (18 h). Fasting glucose was measured from tail blood using a HemoCue Glucose Analyser (HemoCue, Sheffield, South Yorkshire, UK) and then 10 ml glucose (100 g/l 0·15 M-NaCl)/kg was administered by intraperitoneal injection. Glucose levels were then measured at 15, 30, 60, 120 and 180 min after the injection.
Serum insulin and lipid measurements
Fasting serum was collected prior to the glucose tolerance test and stored at 2 808C prior to analysis. Serum insulin was measured using a rat insulin ELISA kit (DRG International, Mountainside, NJ, USA) according to the manufacturer's instructions. All samples were assayed in duplicate.
Serum lipids were measured enzymatically using a Monarch auto-analyser (Instrumentation Laboratories, Lexington, MA, USA). Fasting serum non-esterified fatty acids were measured using the Free Fatty Acids, Halfmicro test (catalogue no. 1383 175; Boheringer Mannheim, Mannheim, Germany). Fasting serum triacylglycerol was measured using GPO trinder reagents (catalogue no. 337-A; Sigma Diagnostics, St Louis, MO, USA). Fasting serum cholesterol was measured using Infinity cholesterol reagent (catalogue no. 401-25P; Sigma Diagnostics).
Blood pressure measurement
Blood pressure was measured in the male offspring of control dams at 449 (SD 14) d (16 months) of age, in the female offspring of control dams at 459 (SD 4) d (16 months) of age, in the male offspring of Fe-restricted dams at 458 (SD 2) d (16 months) of age and in the female offspring of Fe-restricted dams at 458 (SD 2) d (16 months) of age. Blood pressures were recorded using the indirect tail-cuff method. Rats were placed in perspex restraining-tubes and acclimatised in a warmed chamber (27 -298C). Five systolic blood pressure recordings were made from each rat. Blood pressure was read from the traces by another investigator who was blind to the maternal diet group and gender of the rat. The highest and lowest blood pressure readings were excluded and the mean value calculated from the remaining three values. To assess the repeatability of the results, one female and one male rat had blood pressures recorded on five separate occasions. The intra-assay CV for the male rat was 6·2 % and for the female rat 3·2 %.
Originally there were sixteen male and sixteen female offspring from eight control litters and ten male and fourteen female offspring from six Fe-restricted litters (in one Fe-restricted litter there were no male offspring and four females were kept instead), however animals started to die at about 12 months of age. At about 18 months of age, the remaining animals were killed by CO 2 inhalation and post mortems conducted. There were five male offspring of control dams, killed at 510 (SD 15) d of age, twelve female offspring of control dams killed at 530 (SD 15) d of age; five male offspring of Fe-restricted dams killed at 507 (SD 24) d of age and eight female offspring of Fe-restricted dams killed at 516 (SD 26) d of age. At post mortem, animals were weighed and nose to base-oftail length was measured. Hearts, lungs, livers and kidneys were dissected out and weighed. Lung tissue was collected and frozen in liquid N 2 and stored at 2 808C prior to analysis.
Angiotensin converting enzyme assay ACE concentrations were measured in lung tissue collected at post mortem and in serum collected from the same animals at 3 and 14 months of age. Tissue and serum ACE concentration was determined by a spectrophotometric assay based on the conversion of hippuryl-L-histidyl-Lleucine-L to hippurate by ACE as described previously (Forhead et al. 2000) , using 50 mg lung tissue or 25 ml serum. Addition of captopril to the incubation mixture abolished the ACE-induced production of hippurate. Tissue ACE concentration was expressed as hippurate (nmol) generated/min per mg protein while plasma levels are expressed in units/l where 1 unit is equivalent to 1 mmol hippurate generated/min. The inter-and intraassay CV for this assay were 3·65 % (n 10 assays) and 8·9 % (n 15 assays) respectively. Tissue protein content was measured in the original homogenate by the Lowry method (Lowry et al. 1951) .
Statistical analysis
Data were analysed using two-way ANOVA to investigate effects of maternal diet and the gender of the offspring. Where the data were not normally distributed they were analysed using the Friedman test where the ANOVA is performed on ranked data. To investigate whether differences in body weight were influencing the results, analyses were also performed with body weight included as a covariate. As the data have been analysed by two-way ANOVA, where significant differences are indicated they refer to differences between either the maternal diet groups or between the two genders. Data are presented as mean values and standard deviations, except where the data were abnormally distributed, in which case the data are presented as median values and interquartile ranges. In graphs, data are presented as box plots, which show the median, interquartile range and extreme values. Correlations were performed using the Pearson correlation coefficient.
Results
There were no apparent differences in the survival of the offspring between the maternal diet groups (results not shown) and in both maternal diet groups the offspring started to die at about 1 year of age. At 14 months of age, the offspring of Fe-restricted dams were lighter than the offspring of control dams and males were heavier than females in both groups (P, 0·001, Table 1 ).
Blood pressure and glucose tolerance
Blood pressure was higher in the offspring of Fe-restricted dams than in controls (P, 0·05, Fig. 1 ), but was not significantly different between genders.
Fasting blood glucose in the offspring was not different between the maternal diet groups or genders (Table 1) .
Glucose tolerance, as measured by area under the glucose tolerance curve, was not different between the maternal diet groups, but was better in females than in males (P, 0·05, Table 1 ). Adjusting for current body weight did not affect the outcome of this analysis.
Serum insulin and lipids
Fasting serum insulin in the offspring was not significantly different between the maternal diet groups but was lower in females than males (P, 0·05, Table 1 ).
Serum triacylglycerol concentrations were lower in the offspring of Fe-restricted dams (P¼ 0·055, Table 2 ), but there was no significant difference between genders. Fasting serum cholesterol in the offspring was not different between the maternal diet groups, but was lower in females than in males (P, 0·05, Table 2 ). Fasting serum non-esterified fatty acids in the offspring were not different between the groups but were higher in females than males (P, 0·05, Table 2 ). If the analysis was performed including body weight as a covariate this eliminated the gender differences for cholesterol and non-esterified fatty acids.
Post mortem data
At about 18 months of age, post mortems were performed on surviving animals. Post mortem body weights were lower in the offspring of Fe-restricted dams than in the offspring of controls (P, 0·01) and were also lower in females than in males (P, 0·001, Table 3 ). Heart weight as a percentage of body weight was increased in the offspring of Fe-restricted dams (P, 0·01, Table 3 ) and was greater in females than males (P, 0·005, Table 3 ). Kidney weight as a percentage of body weight was greater in the offspring of Fe-restricted dams (P, 0·05, Table 3), but was not different between genders. Liver weight as a percentage Fig. 1 . Systolic blood pressure in the offspring of control and ironrestricted dams at 16 months of age. Values are medians and interquartile ranges (box) with extreme values (whiskers). For details of diets and procedures, see p. 284. There was a significant effect (P,0·05) of maternal diet, indicating that the offspring of iron-restricted dams had higher blood pressures than those of control dams. of body weight was not different between the maternal diet groups, but was higher in females than in males (P, 0·005, Table 3 ). Lung weight as a percentage of body weight was not significantly different between the maternal diet groups or with gender.
Angiotensin onverting enzyme results
Pulmonary ACE in the offspring at 18 months of age was not significantly different between the groups (Fig. 2(A) ). Pulmonary ACE concentrations in the offspring at 18 months of age was not correlated with blood pressure at either 3 or 14 months of age. Pulmonary ACE concentrations at 18 months of age were significantly correlated with serum ACE concentration in the female offspring of Fe-restricted dams at 14 months of age (r 0·85, n 7, P, 0·01), but not in any of the other groups, nor in any group at 3 months of age. Serum ACE concentrations were increased in the Fe-restricted offspring at 3 months of age (P, 0·05, Fig. 2(B) ), but there were no significant differences at 14 months of age ( Fig. 2(C) ). Serum ACE concentrations were correlated at 3 and 14 months of age in all the groups combined (r 0·83, n 45, P, 0·001) and in each of the four individual groups. Serum ACE concentration was not significantly correlated with blood pressure at 3 months of age. At 14 months of age there was a negative correlation between serum ACE concentration and blood pressure in both the control males (r 2 0·67, n 10, P, 0·05) and females (r 2 0·60, n 12, P, 0·05), but there were no significant correlations with blood pressure in the Fe-restricted offspring.
Discussion
The present study demonstrates that maternal diet and specifically maternal Fe restriction can affect the offspring's physiology and metabolism throughout life. At 3 months of age, the offspring of Fe-restricted dams had elevated blood pressure, decreased serum triacylglycerol and decreased body weight (Lewis et al. 2001b) . That these effects were still evident at an age at which the animals were beginning to die of natural causes demonstrates that they are a permanent adaptation to maternal nutrient restriction. The finding that blood pressure is elevated in the 16-month-old offspring of Fe-restricted dams reflects our previous findings in these animals at 3 months of age (Lewis et al. 2001b ) and those of Crowe et al. (1995) in 40 d old rats. These studies demonstrate that the elevation of blood pressure in the offspring of Fe-restricted rats, Fig. 2. (A) Pulmonary angiotensin converting enzyme (ACE) concentrations at 18 months of age, (B) serum ACE concentration at 3 months of age, (C) serum ACE concentration at 14 months of age. Serum ACE levels were elevated in the offspring of iron-restricted dams at 3 months of age (P,0·05). At both 3 and 14 months of age serum ACE was lower in females than males (P,0·05). Values are medians and interquartile ranges (box) with extreme values (whiskers). For details of diets and procedures, see p. 284.
which is initiated between 20 and 40 d postnatally, is a permanent adaptation in response to maternal Fe restriction.
The offspring of protein-restricted dams also have elevated blood pressure and this may be due to effects on their renin -angiotensin systems (Sherman & LangleyEvans, 2000; Vehaskari et al. 2001) . Both serum and pulmonary ACE levels have been reported to be elevated in the offspring of protein-restricted dams (Langley-Evans & Jackson, 1995) . There were no differences in pulmonary ACE activity in the offspring of Fe-restricted dams at 18 months of age. There was a small rise in serum ACE levels at 3, but not 14, months of age. However, there was no correlation between blood pressure and serum ACE at 3 months of age. At 14 months of age, serum ACE concentration was negatively correlated with blood pressure in both male and female controls. It does not appear, therefore, that there is a direct effect of either pulmonary or serum ACE on blood pressure in these animals. However, as serum ACE levels have been found to be elevated in 13-week-old offspring of proteinrestricted dams, the elevation in serum ACE at 3 months of age may represent another similarity between the maternal low-protein and maternal Fe-restriction models (Langley-Evans & Jackson, 1995) . It is also possible that there were changes in local regulation of the reninangiotensin system, and that changes in other components of the renin -angiotensin system, such as angiotensin receptors, may contribute to the elevated blood pressure in this model. Future experiments could look at renin and angiotensin II concentrations as well as investigating the expression of the ACE and the angiotensin receptor in different tissues.
It is also interesting that serum ACE levels in young adults correlate with those observed in later life. In human subjects, the ACE genotype accounts for 47 % of the variation in serum ACE levels (Rigat et al. 1990) and it is possible that genetic differences could explain this finding.
Heart weight, as a proportion of body weight, in the offspring of Fe-restricted dams has been reported to be elevated in the fetus, postnatally at 20 and 40 d of age, as well as at 18 months of age in the present study (Crowe et al. 1995; Lewis et al. 2001a) . Similarly, although kidney weight as a proportion of body weight was not elevated in the fetuses of Fe-restricted dams, it was elevated at 20 and 40 d of age and was elevated at 18 months of age in these rats (Crowe et al. 1995; Lewis et al. 2001a) . This indicates that the cardiac and renal hypertrophy seen in these animals originates very early in life and may precede the elevation in blood pressure, which is not apparent at 20 d of age (Crowe et al. 1995) . While it is unclear whether these changes in cardiac and renal size either contribute to, or occur as a result of, the hypertension in the offspring of Fe-restricted dams, it is interesting to see these changes in systems intimately involved in the control of blood pressure. These findings with regard to organ weight are in contrast to the lowprotein model where there is no consistent effect on heart or kidney weight .
As we have previously demonstrated in the Fe-restricted fetus, and in these animals at 3 months of age (Lewis et al. 2001a,b) , serum triacylglycerol levels were lower in the offspring of Fe-restricted dams at 14 months of age. Although due to variation in the older animals, this was on the borderline of statistical significance (P¼ 0·055). The decreased serum triacylglycerol levels provide an example of an effect on metabolism that is established in the fetus and persists throughout life. In contrast to our previous findings in these rats at 3 months of age, where glucose tolerance was improved at 14 months of age, there was no difference in glucose tolerance between the maternal diet groups. This may represent a relatively greater rate of deterioration of glucose tolerance in the offspring of Fe-restricted dams compared with those of the control dams. In the offspring of dams fed low-protein diets during pregnancy and lactation, glucose tolerance was improved in younger animals but deteriorated more rapidly, so that by 16 months the offspring of protein-restricted dams were glucose intolerant Hales et al. 1996; Shepherd et al. 1997; Langley-Evans et al. 1999b; Petry et al. 2001) . It is therefore possible that in even older offspring of Ferestricted dams glucose intolerance would develop.
It is unclear how the long-term effects of maternal Fe restriction are established in the offspring. Maternal Fe restriction in the rat has also been shown to alter behaviour in the offspring, possibly due to a decrease in pup brain Fe content affecting neural development (Felt & Lozoff, 1996) . Tissue Fe deficiency may lead to defects in the development of other systems and contribute to some of the effects observed in the present study. Fe deficiency has been shown to alter the expression of genes involved in its own uptake and whether or not these effects persisted, changes in the expression of these and other genes may permanently affect development (Gambling et al. 2001) . Maternal Fe deficiency has been shown to cause increased Cu absorption into the rat fetus and it is possible that altered levels of Cu may also affect the development of the offspring (Sherman & Moran, 1984) .
Much of the data collected in the present study were not normally distributed. This may be because in older animals there may be variations in the rate of biological ageing or the rate at which the bodies' systems begin to deteriorate. As a group of animals become older, variations between individuals may become more apparent and this may affect the distribution of the data. In addition, different systems may be affected in different rats, further skewing the distribution.
The present study did not demonstrate a link between the offspring's blood pressure and ACE levels. However, it does provide further evidence for long-term effects of maternal nutrition on the blood pressure and metabolism of offspring and demonstrates that in this model these effects persist throughout the lifespan. technical assistance. This work was funded by the Parthenon Trust.
